Introduction
Nylon fibers and their products usually become yellow during long storage in wooden boxes or corrugated cartons, because of colored materials produced by reactions between the terminal amino groups of nylon polymers and various aromatic aldehydes gradually produced from the lignin in wood or crude paper. The amino groups of nylon polymers are usually protected by chemical methods to maintain their original color, especially their white color. Among the various chemical modifications, formaldehyde had been used for a long time as the best reagent, not only for anti-yellowing finishing but also for dimensional stability finishing for cotton fibers or various polyamide fibers, because it shows high reactivity toward the hydroxyl or amino groups of the fibers, high solubility in various solvents including water, and very low industrial production cost. However, it is well known that formaldehyde is also one of the main materials causing the sick building syndrome (SBS). Recently, its usage has been strictly controlled in various fields, not only in textiles but also building materials, such as wallpaper, lumber, resin board, adhesives, and so on. Now, many Japanese companies have lawfully utilized various alternative aldehydes having a different chemical structure, such as acetaldehyde, propionaldehyde, benzaldenyde, and salicyaldehyde, but these aldehydes are also very doubtful in terms of safety for the human body from the viewpoint of medical science. On the other hand, other groups reported thirty years ago that original nylon fiber having free amino groups had other problems for textile usage, where nylon fibers interacted with (reacted with and/or adsorbed) free formaldehyde generated from toys, household goods, furniture, and building materials, even during short storage [1, 2] . The formaldehyde absorbed on fibers could be re-released easily into the atmosphere without formaldehyde. Due to these two problems, the toxicity of formaldehyde and its re-adhesion to nylon fibers, new harmless protective agents for the amino groups of nylon fibers are needed urgently.
In our laboratory, various chemical modifications of synthetic fibers by sugars or their derivatives have been investigated for several years [3] [4] [5] [6] [7] . Especially, research on the reaction of nylon 6 fibers with reducing sugar or sugar lactone, which is an oxidation product of reducing sugar, was done thoroughly to prevent the fibers from turning yellow, as reported in our previous papers, where the terminal amino groups of nylon fibers could react with the reducing terminal of reducing sugar and the lactone ring of sugar lactone [6, 7] . Both reactions required hydrophilic organic solvents such as methanol, ethanol, DMSO, DMF, and so on to dissolve the above sugars. However, these solvents were not strictly suitable for industrial usage of textile finishing from the point of safe-working and pollution of the environment. On the other hand, water is a safer and lower-priced solvent than the above organic solvents, but there were some problems as to how it reacts with nylon 6 fibers and the above sugars. For example, when sugar lactone was used in an Anti-yellowing Finishing of Nylon Fiber Using a Reaction with Reducing Sugar (2) −Reaction in Aqueous Solution Containing a Reducing Reagent−
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Abstract: It is well known that nylon fibers turn yellow during long storage in a wood box or corrugated carton because of the reaction of the fibers with the aromatic aldehyde contained in the crude paper or wood. In our previous paper, a protective reaction of the amino groups in nylon fibers by a reducing sugar in organic solvents prevented them from turning yellow caused by vanillin, which is one of the aromatic aldehydes. In this paper, the same reactions were performed in an aqueous solution, which is generally very safe and useful for industrial applications, including these for various environmental problems. Interestingly, the reaction of nylon 6 fibers with a reducing sugar in an aqueous solution containing a reducing reagent such as sodium hydrosulfite prevented their color from changing to brown due to a melanoidin reaction, and the obtained nylon 6 fibers exhibited good anti-yellowing effects against vanillin. Transaction aqueous solution, its reactive lactone ring was easily hydrolyzed so that it could not react with nylon fibers, as shown in our previous paper [6] . Meanwhile, when D-glucose, one of the reducing sugars, was used as a protective agent, our other paper indicated that this reaction proceed very slowly or not did proceed in an aqueous solution, because of both the hydrated reducing terminal of sugars and mild temperature conditions for the usage of organic solvents (40 − 64°C) [7] . Our preliminary experiments also indicated that the reaction with D-glucose in boiling water enhanced its reaction speed more than the above mild conditions, but the color of the obtained fibers turned brown more easily. Similar phenomena were observed in our previous paper, where the reaction of nylon fibers or PET fibers having amino groups with reducing sugars in an organic solvent gave colored materials on their fibers, but the degree of changed color was very slight [5, 7] . These color reactions are also well-known in the field of food science, where heating a mixture including both reducing sugars (such as starch) and amino compounds (such as an amino acid and a protein) causes a browning reaction, which is called a melanoidin reaction or a Mailard reaction. The detailed production mechanism of the brown materials is still not clear, because of the complicated multi-step reactions after the colorless reactions, such as the first formation of Schiff's base and the following Amadori rearrangement [8, 9] . Totally judging from our present information, the anti-yellowing finishing of nylon fibers using an aqueous solution required new methods to show how to stop or suppress these side reactions of reducing sugars or how to remove color or the colored materials produced by the melanoidin reactions.
In this paper, we report the reactivity of nylon 6 fibers with reducing sugars such as glucose, mannose, and xylose in an aqueous solution, where both the antiyellowing effects of nylon 6 fibers against the vanillin of an aromatic aldehyde and the browning effects due to the side reactions of reducing sugars were mainly examined. Fig. 1 shows the scheme of a model reaction with D-xylose in an aqueous solution and a subsequent prevention reaction with vanillin as the yellowing material, where the addition of D-xylose was expected to afford the highest reaction speed with nylon 6 fibers, similar to our previous results using organic solvents [7] . Furthermore, the decolorized reactions of the fibers using sodium hydrosulfite, one of the usual reducing agents for textile finishing, were also investigated to chemically return the color of the nylon 6 fibers to the original white.
Experimental

Reagents and nylon 6 fabric
The reducing sugars of D-glucose, D-galactose, Dmannose, D-xylose, L-arabinose, and D-maltose were purchased from Nacalai Tesque Co., Japan. The chemical structures of the above sugars are illustrated in Fig. 2 . The reducing agent of sodium hydrosulfite was purchased from Wako Pure Chemical Industries, Ltd., Japan. These sugars and the reducing agent were used without further purification. Distilled water, deionized by ion-exchanging resins, was used as purified water for the following reaction. Nylon 6 fabric (taffeta, standard white) was purchased from Shikisensha Co., Japan. It was washed thoroughly with methanol and distilled water and then dried overnight before the following experiments.
Reaction of nylon 6 fibers with various reducing sugars
A fixed amount of sugar was dissolved in a 200 ml flask containing 100 ml of heated distilled water (sugar concentration : 25 − 100 mM). After the solution reached the desired temperature, nylon 6 fabric (10 cm × 10 cm, ca. 0.63 g) was dipped in the flask. After a period of time (1.0 − 8.0 hr), the nylon 6 fabric was taken out and washed with distilled water and methanol. The obtained fabric was dried thoroughly before the next experiments.
Decolorized reaction of nylon 6 fibers by reducing agent
A fixed amount of sodium hydrosulfite was dissolved in a 200 ml flask containing 100 ml of heated distilled water (sodium hydrosulfite concentration : 2.5 − 20 g/l). After the solution reached 100°C, nylon 6 fabric colored by sugars was dipped in the flask. After a period of time (1.0 − 8.0 hr), the nylon 6 fabric was taken out and washed with distilled water and methanol. The obtained fabric was dried thoroughly before the following experiments.
Reaction of nylon 6 fibers with various reducing sugars in the presence of a reducing agent
A fixed amount of sugar was dissolved in a 200 ml flask containing 100 ml of heated distilled water (sugar concentration : 100 mM). After the solution reached the boiling point of water, sodium hydrosulfite (1.00 g) and nylon 6 fabric (10 cm × 10 cm) were quickly added to the flask. After a period of time (1.0 − 8.0 hr), the nylon 6 fabric was taken out and washed with distilled water and methanol. The obtained fabric was dried thoroughly before the following experiments.
Yellowing test with vanillin
A 0.06 g portion of vanillin was dissolved in a 300 ml beaker containing 200 ml of heated distilled water. After the solution reached 60°C, nylon 6 fabric (10 cm × 10 cm) was dipped in the beaker. After 5 min, the nylon 6 fabric was quickly taken out, washed with distilled water thoroughly, and then dried overnight. The color of the nylon 6 fabric was estimated by K/S values, which were calculated from their reflectivity (400 nm), as measured with a UV-VIS spectroscope equipped with an integrating sphere (UV-3100A, Shimadzu Co., Japan). This method is well-known as the usual method for the measurement of the dyestuff concentration of dyed fabrics [10] . In this paper, large K/S values indicated a deep yellow color of the nylon 6 fabric, and the K/S values of the original nylon fabrics before and after the reaction with vanillin were 0.05 and 3.16, respectively.
Results and discussion
Reactions with various reducing sugars in aqueous solution
At first, the color change of nylon 6 fibers due to the reactions with various reducing sugars having different molecular weights in an aqueous solution was examined, where these reactions took place in boiling water solutions. The reaction time dependency of the K/S values of nylon 6 when reacted with various sugars is summarized in Fig. 3 . All K/S values increased largely with the reaction time of each reducing sugar, and then all fabric colors changed from original white to brown, but the degree of their color change was different among these sugars. Similar to our previous results using organic solvents [7] , the reaction with D-xylose or L-arabinose, having a smaller molecular weight (MW : 151.12), was enhanced as compared to D-glucose (MW : 180.16), whereas the reaction with D-maltose, having the largest molecular weight (MW : 342.30), had the least effect. Secondly, reactions with reducing sugars having the same molecular weight were also examined. Beyond our expectation, the reaction with the reducing sugar having the same molecular weight as D-glucose, D-galactose, and D-mannose gave almost the same results for color change, which did not agree with our previous results using methanol or DMSO as the organic solvent. Meanwhile, the reaction using L-arabinose showed a whiter color compared with the one using D-xylose, which result agreed with those using organic solvents. Although there were no clear reasons for such a different tendency between glucose-type isomers and xylose-type isomers, the mechanism of these browning reactions might be influenced by many factors, such as molecular size, stereochemistry of the hydroxyl groups, the strong hydration of the hydroxyl groups of sugar, or the reaction conditions such as high temperature. On the other hand, as the color of the water solution after the reaction with each sugar almost did not change, the colored materials were mainly produced not in the solution but on the nylon fibers, similar to the reaction system using organic solvents. The following experiments were performed in detail using D-xylose as the additive, which afforded the fastest reaction speed with nylon fibers in these sugars, in order to enhance both the anti-yellowing effects and the suppression of the browning reactions.
Reaction temperature
Our previous results using organic solvents also showed that the reaction speed became slow with a decrease in the reaction temperature, and the low temperature condition could effectively suppress the browning reactions of the melanoidin reaction [7] . In this paper, the time dependency of the K/S values of nylon 6 fibers before and after the yellowing test on the reaction temperature with D-xylose was examined. As shown in Fig. 4 (A) , higher temperature conditions enhanced a larger increase in K/S values due to the quicker browning reaction of the nylon 6 fibers. Especially, when the reaction temperature was increased from 90°C to the boiling point of water (100°C), a 3-fold increase in K/S values was observed. From the results of the vanillin test showing in Fig. 4 (B) , higher temperature conditions afforded stronger suppression effects against the reaction with vanillin in a short time. However, when a reaction was performed for over 8 hr, K/S values of 100°C became higher than those of 90°C. This phenomenon could be easily explained by the strong coloration of the browning reactions at 100°C. Actually, this antiyellowing finishing using an aqueous solution with a reducing sugar also required both a low reaction temperature and a long reaction time, similar to the reaction system using organic solvents.
Decolorized reaction using sodium hydrosulfite
The following 2-step reaction was carried out to shorten the reaction time on the basis of the above results ; the first step was a quick coloration reaction with reducing sugars under high-temperature conditions, and the second step was a decolorization reaction of colored nylon 6 fibers with reducing agents. The first-step reaction was carried out in the presence of D-xylose or D-mannose at 100°C, while the second-step reaction was carried out in an aqueous solution containing sodium hydrosulfite as the reducing agent at 100°C. Fig. 5 shows the reaction time dependency of the K/S values of nylon 6 reacted with sodium hydrosulfite. The K/S values of nylon fibers colored by D-xylose at 100°C quickly decreased with the reaction time of reducing agent up to about two hours. However, further reaction made their K/S values decrease very slowly. As a result, the color of the fibers which reacted with the reducing agent could not return to the original white. In the same way, when D-mannose was used as the reducing sugar, a very slight yellow color was observed after enough time for a reaction of nylon fibers with reducing agents. Furthermore, the results of the reactions with sodium hydrosulfite at different concentrations are summarized in Fig. 6 . Further addition of reducing agents of more than 5.0 g/l did not influence the decoloration effects of nylon 6 fibers. The obtained results indicated that there was a limit to the decoloration effects using excessive sodium hydrosulfite.
Reaction with reducing sugars in the presence of sodium hydrosulfite
Finally, the reactions of nylon 6 fibers with reducing sugars in the presence of sodium hydrosulfite were examined. Similar to the results in Fig. 4 , the K/S values of the fibers before and after the reaction with vanillin are summarized in Fig. 7 (A) and (B) , respectively. Interestingly, the color of fibers after the reaction with D-xylose in the presence of sodium hydrosulfite was almost unchanged, and the color of fibers which reacted with D-mannose was the same as the white color of the original nylon 6 fibers. To test the possibility that nylon 6 fibers did not react with reducing sugars in the presence of reducing agents, a vanillin test of these fibers was also investigated ( Fig. 7 (B) ). The K/S values of nylon 6 fibers after reactions with both D-xylose and sodium hydrosulfite decreased with the reaction time, and all of these K/S values were lower than each value of nylon 6 fibers reacted in the absence of reducing agents. On the other hand, although the K/S values of nylon fibers after reaction with D-mannose in the presence of reducing agents were larger than those in the absence of reducing agents during four hours or less, the K/S values largely decreased with the reaction time, similar to the above results using D-xylose. These results might indicate that the addition of reducing reagents prevented or retarded some browning processes of the melanoidin reaction, and made it possible to maintain the original color of the nylon fibers. In particular, the reaction of nylon 6 fibers with D-mannose in a sodium hydrosulfite aqueous solution was very useful for industrial applications because of maintaining the original white color of the nylon 6 fibers. However, these reaction speeds of antiyellowing methods using both reducing sugar and sodium hydrosulfite were slower than those of other conventional fiber finishing or dyeing. In our next work, this antiyellowing method for nylon fibers using both reducing sugars and reducing agents will have to be improved to shorten its reaction speed, where various reaction conditions in the presence of sodium hydrosulfite or the use of other types of reducing agents will be examined in detail.
Conclusion
In this paper, the reactions of nylon 6 fibers with reducing sugars in an aqueous solution were investigated, and then the anti-yellowing effects of nylon fibers against vanillin were observed under high-temperature conditions, which was due to the protection of their terminal amino groups. However, the color of the obtained fibers easily became mostly brown by the melanoidin reaction, similar to our previous results using organic solvents. For the purpose of the suppression of these browning reactions, the same reactions were performed in the presence of sodium hydrosulfite in the reducing agents. As a result, the reaction speed was slower than other usual fiber finishing, but the color of the nylon fibers after a reaction with a reducing sugar could maintain the original white color even under high-temperature conditions. Especially, when D-mannose was used as the protective agent in the presence of reducing agents, the color of the obtained fibers was almost the same as that of unreacted nylon 6 fibers.
